Defects in the initial establishment of cardiogenic cell fate are likely to contribute to pervasive human congenital cardiac abnormalities. However, the molecular underpinnings of nascent cardiac fate induction have proven difficult to decipher. In this review we explore the participation of extracellular, cellular and nuclear factors in comprehensive specification networks. At each level, we elaborate on insights gained through the study of cardiogenesis in the invertebrate chordate Ciona intestinalis and propose productive lines of future research. In-depth discussion of pre-cardiac induction is intended to serve as a paradigm, illustrating the potential use of Ciona to elucidate comprehensive networks underlying additional aspects of chordate cardiogenesis, including directed migration and subspecification of cardiac and pharyngeal lineages.
INTRODUCTION: COMPREHENSIVE CARDIOGENIC NETWORKS
A comprehensive perspective on cardiogenic induction encompasses the integration of extracellular cues, intracellular signal cascades and nuclear gene regulatory networks. We have employed Waddington's epigenetic landscape to illustrate this perspective ( Figure 1A ) [1] . Cell fate, as represented by Waddington along the x-axis, is progressively restricted as the embryo develops. In associated drawings, Waddington envisioned that the contours of this landscape are shaped by multiple integrated inputs, represented as interconnected wires ( Figure  1B ) [2] . We now know these contours are dictated by networks of transcription factor and chromatin remodeling complexes (shown in red). Nuclear factors, however, represent only the most proximal inputs for fate specification. Distal networks of extracellular signaling cues (blue wires) and signal transduction complexes (green wires) modulate gene regulatory networks to direct cell fate. Incorporating all three levels of regulation into a comprehensive model for heart specification represents a daunting challenge. A challenge that is greatly magnified by semi-redundant paralogous components in vertebrate genomes.
Tunicates and cephalochordates, as invertebrate chordates, occupy a crucial niche in cardiogenic research. In particular, the tunicate Ciona intestinalis represents an important model for primary steps in chordate heart specification. Ciona embryos share in the relative cellular and genomic simplicity of other invertebrate model organisms. Embryogenesis is rapid, cell numbers are limited and cell fate lineages, including the heart, are highly stereotyped [3] . Although tunicates are the closest sister group to the vertebrates, they diverged just prior to ancestral Christina D. Cota is a postdoctoral fellow interested in cellular control of heart development. Her work is currently focused on membrane proximal mechanisms regulating pre-cardiac induction. Fernando Segade is a research associate interested in gene characterization and evolution, primarily of extracellular matrix genes and in the development of recombinant DNA tools that can be applied to the study of tunicate gene regulation. Brad Davidson is an Assistant Professor of Developmental Biology at Swarthmore College interested in developmental and evolutionary aspects of cell signal integration and gene regulatory networks.
vertebrate genome duplications [4] . Thus, the Ciona genome shares critical, chordate-specific components with the vertebrate heart gene network, but with greatly reduced redundancy.
We have mapped the early stages of chordate heart specification onto Waddington's landscape ( Figure 1A ). Our temporal map begins after initial specification of the mesoderm. The pre-cardiac field arises from a subset of mesodermal progenitors in two stages. Just prior to gastrulation, Mesp family transcription factors begin to establish pre-cardiac progenitor fate [5] . This cardiogenic role for Mesp may represent a chordate-specific innovation [6] . Subsequently, inductive signals complete pre-cardiac progenitor specification [7] [8] [9] . In both vertebrate and Ciona embryos, initial expression domains of Mesp orthologs are shaped by a combination of T-box family transcription factors (Tbx6 or eomesoderm) and signal-dependent factors (downstream of Nodal or Wnt signaling) [10, 11] .
Initial steps in vertebrate cardiogenesis remain poorly characterized. In pre-gastrula stage embryos, Mesp paralog expression encompasses numerous mesoderm and extra-embryonic lineages [12] [13] [14] . Within this broad domain, Mesp-dependent gene regulation is only required for cardiac, vascular and cranial/pharyngeal mesodermal progenitors [15, 16] . Recent studies indicate that Mesp paralogs create a competence domain facilitating either pre-cardiac or pre-vascular specification by subsequent inductive signals, including Figure 1 : Nascent chordate cardiac progenitor specification superimposed on Waddington's epigenetic landscape (modified from previous studies [1, 2] ). (A) Mesp establishes the transcriptional state underlying pre-cardiac competence. Subsequent ETS-mediated shifts in transcription further restrict cardiopharyngeal progenitor cell fate. (B) Proximal transcription and chromatin remodeling factors (red) directly shape the cardiac gene regulatory landscape. Distal extracellular cues (green) and signal transduction complexes (blue) can modify these transcriptional networks. (C) FGF-mediated cardiac induction in Ciona. Asymmetric division of pre-cardiac cells (solid yellow) gives rise to cardiopharyngeal (orange striped) and skeletal muscle (purple dots) progenitors. After induction, cardiopharyngeal progenitors migrate rostrally (gray arrows) into the head^trunk region of the tailbud embryo.
fibroblast growth factor (FGF), bone morphogenic protein (BMP) and Wnt [16, 17] . The precise identity and role of these signals remain ambiguous.
In Ciona embryos, the prospective role of Mesp and the nature of subsequent inductive signals have proven more amenable to precise characterization. Mesp is exclusively expressed in a group of four precardiac founder cells (the B7.5 lineage) just prior to gastrulation [5] . Orthologous to its role in vertebrates, Mesp appears to generate a competence domain for pre-cardiac specification. In Ciona, it is clear that FGF is the primary signal for subsequent pre-cardiac induction. The Mesp-expressing founder cells divide asymmetrically during neurulation ( Figure 1C) . In response to FGF signaling, the smaller daughter cells produced by this asymmetric division are restricted to cardiopharyngeal fates [8] . The larger daughter cells do not respond to FGF and instead express an ortholog to MyoD and initiate skeletal muscle differentiation [18] . The inductive signaling pathway downstream of FGF has also been fully characterized ( Figure 2 ). According to current models, FGF activates a Mitogen-activated Protein Kinase (MAPK) cascade leading to phosphorylation-dependent activation of the ETS1/2 transcription factor [8] . ETS activity is both necessary and sufficient for cardiopharyngeal progenitor induction [8] . Thus, ETS1/2 functions as the key FGF-dependent transcription factor for activation of a cardiopharyngeal progenitor gene network.
Conserved aspects of chordate cardiogenesis extend beyond the initial stages of pre-cardiac specification. In both vertebrate and Ciona embryos, BMP signaling is implicated in activation of core cardiac transcription factors including orthologs to GATA and Nkx [19] [20] [21] . Additionally, FoxF orthologs regulate migration of bilateral cardiopharyngeal progenitor fields [9, 22] . Furthermore, in both Ciona and vertebrate embryos, interactions with the underlying endoderm direct ventral midline fusion of bilateral progenitors. Recent studies have also revealed a conserved role for coe and islet transcription factor orthologs in the subspecification of cardiac and pharyngeal precursors [23] .
CIONA AS A MODEL FOR EXTRACELLULAR SIGNAL INTEGRATION
Integration of inductive signaling begins in the extracellular microenvironment. A select cadre of ligands, including members of the Wnt, BMP and FGF families, often function as primary inductive signals. However, micro-environmental factors in the matrix or adjacent cell membranes dramatically affect inductive signaling. Supplementary microenvironmental cues can alter morphogen gradients by degrading, trapping or transporting primary signals; impact receptor/ligand interactions by regulating signal presentation, or modulate signal transduction through parallel activation of cell or matrix adhesion receptors [24] [25] [26] . The potentially critical contributions of supplementary extracellular cues to cardiac inductive signaling have not been thoroughly investigated [26] . In the following section, we examine the prospects for deciphering extracellular signal integration in vertebrate and Ciona embryos, focusing on the roles of FGF and extracellular matrix (ECM) components in pre-cardiac induction.
FGF signaling in vertebrate and Ciona cardiac induction
The extreme pleiotropy of FGF and other cardiac inductive signals have made it difficult to explore extracellular integration during vertebrate cardiogenesis [27, 28] . Prior to gastrulation, FGF mediates mesoderm induction [29] . Shortly thereafter, FGF signaling promotes mesendoderm ingression while concurrently participating in pre-cardiac specification [30] [31] [32] [33] . FGF also participates in the specification of multiple, discrete cardiac progenitor pools [34, 35] . During later stages of heart development, FGF signaling has been implicated in chamber-specific differentiation, proliferation and morphogenesis [ 34, 36, 37] . Thus, although studies established the role of FGF in cardiac progenitor induction over a decade ago [36, 38, 39] , subsequent progress has been limited [37, 40] . In particular, the potential roles of supplementary environmental factors in modulating FGF and other primary inductive signals remain largely unexplored.
Studies in Ciona have begun to reveal how the ECM modulates FGF induction of the pre-cardiac lineage. An ortholog to FGF9 differentially induces the smaller cardiopharyngeal precursor lineage during a highly asymmetric division. However, FGF9 antibody staining and dissociation studies demonstrate that heart founder lineage cells are uniformly exposed to FGF9 ( Figure 1C ) [41] . Thus, differential induction among founder cell daughters does not simply reflect differential exposure to the inductive ligand. Further studies have demonstrated that localized cytoskeletal protrusions and associated adhesion to the surrounding matrix direct differential induction [41, 42] . According to current models, matrix adhesion impacts either FGF presentation or downstream signal transduction ( Figure 2 ). Distinguishing between these alternative models will require extensive characterization of matrix components surrounding founder cells. Although Ciona matrix is currently poorly characterized, the relative simplicity of matrix composition makes Ciona a promising model for elucidating the precise role of matrix in pre-cardiac inductive signaling.
Matrix composition and function in vertebrate and Ciona embryos
The inherently complex and dynamic nature of vertebrate ECM has complicated efforts to study extracellular signal integration. A multitude of components, including numerous collagen paralogs, polysaccharides and modified proteins such as Fibronectin (FN) generate a broad spectrum of mechanical and adhesive properties [26] . Matrix properties continually shift as the ECM reorganizes in response to interactions with surrounding cells. The dynamic nature of the ECM allows it to serve as a flexible mechanical scaffold during construction and modification of nearly all cardiac tissues [43] . Critically, alterations in ECM associated with changes in tissue morphology can influence inductive signaling. The ECM functions as an interactive reservoir, storing or releasing inductive signals in response to cellular inputs [26] . The ECM may also impact cardiac inductive signaling by exerting mechanical tension on integrins, heterodimeric proteins that serve as key matrix receptors [44] [45] [46] [47] [48] . In effect, the ECM serves as an extracellular memory system, modified by successive generations of cells to provide appropriate microenvironments for cardiac cell fate patterning and morphogenesis. Thus, mutations that impact the structure or expression of ECM components often lead to abnormalities in cardiovascular proliferation, patterning or differentiation [43] . However, the manifold and dynamic contributions of ECM components have obscured the precise mechanisms by which they modulate in vivo cardiovascular signaling.
Ciona ECM has great potential as an experimental model, displaying intermediate complexity between vertebrate ECM and the matrix of nonchordate invertebrates, such as flies and nematodes. The Ciona genome sits at a crossroad in ECM evolution, encoding orthologs to basal metazoan proteins, such as collagens, laminins and fibulins as well as chordatespecific matrix components, including vitronectin and von Willebrand factors [49] . The Ciona genome also encodes an ortholog to FN, an archetypal cell adhesion component of the vertebrate ECM with crucial roles in cardiogenesis [50] . Remarkably, the Fibronectin gene is a relatively recent innovation, present only in tunicate and vertebrate genomes [51, 52] .
A brief overview of FN's utilization in vertebrate embryogenesis highlights the potential advantages offered by the reduced functional redundancy of Ciona ECM components. Although present as a single-copy, the vertebrate Fn gene may encode up to 20 functionally distinct splice forms [53] . Through interactions with integrin receptors, HSPGs, Fibulins and other ECM components, FN modulates adhesion, cell migration and differentiation [50, 54, 55] . Additionally, mechanical tension changes the conformation of FN thereby shifting its interactions with other matrix components and integrin receptors [56] . FN contributes substantially to cardiogenesis, directing both progenitor cell polarity and migration [57] [58] [59] . Earlier in development, Fn is expressed in the nascent mesoderm [60] and its ablation results in gross mesoderm lineage disruptions [61] . These severe malformations have made it difficult to determine whether FN modulates nascent cardiac progenitor specification.
Further characterization of Ciona ECM is required to clarify the potential role of FN and other ECM factors in cardiac signaling. Current knowledge is extremely limited and no functional studies of Ciona ECM components have been conducted. EST databases indicate that FN and other matrix proteins are expressed during early stages of Ciona development [62] . Ex vivo assays suggest that cardiac progenitor cells differentially adhere to FN [42] . Microarray results have also identified a number of ECM-related genes expressed by nascent cardiopharyngeal progenitors, including putative orthologs to fibulin, collagen, matrilin, fibrinogen, thrombospondin and a heparin sulfatase, sulf-1 (Figure 2 ) [63] . In situ hybridization assays have confirmed predicted domains of sulf-1 and fibulin expression and revealed that fibulin is exclusively expressed in the nascent cardiopharyngeal precursors during the period of induction [63] . Sulf-1 is of particular interest due to its potential impact on heparin sulfate proteoglycan-mediated FGF presentation. Fibulin is also of great interest due to extensive, partially redundant roles of vertebrate orthologs, Fbln1, 2, 4 and 5, in cardiovascular development [64] . Fibulins also display intriguing interactions with FN, modulating cell adhesion, cell motility and MAPK signal transduction [54] . Ongoing development of antibodies to Ciona ECM proteins, including FN, will clarify which matrix components may interact with cardiac progenitors during induction or subsequent morphogenesis. Tissue-specific knockdown of the single-copy Ciona orthologs to Fn, Fbln, Sulf-1 and other ECM genes expressed in and around the cardiopharyngeal progenitors will reveal potential roles of ECM in early stages of chordate cardiogenesis.
CIONA AS A MODEL FOR CELLULAR SIGNAL INTEGRATION
The coordinated response of progenitor cells to extracellular inductive signals and matrix cues is dictated by extensive cellular integration. Upon ligand binding, growth factor receptors recruit adaptor proteins to form membrane proximal receptor complexes [65] . Matrix-bound integrin receptors also recruit adaptors to form macroscopic focal adhesion complexes containing hundreds of components [66] . Cross-talk between the resulting receptor complexes play critical roles in determining receptor activity. Receptor complex interactions also heavily modulate downstream cytoplasmic transduction cascades.
The study of cardiac signal integration in vertebrate embryos has been inherently challenging. A lack of definitive markers along with cellular complexity precludes in vivo imaging of subcellular signal processing in nascent cardiac progenitor lineages [28] . Functional redundancy of integrin subunits hinders definitive analysis through genetic loss of function studies [67, 68] . Additionally, essential roles played by integrins in early embryonic stages may mask their potential contributions to cardiac inductive signaling [69, 70] . Although stem cells can be used to bypass some of these challenges, they are unlikely to faithfully mimic in vivo microenvironmental inputs upstream of pre-cardiac signal integration [28, 71] .
Ciona's genomic and cellular simplicity make it an excellent model for exploring signal integration during chordate pre-cardiac specification. The Ciona genome encodes single orthologs to signal receptors, including the diverse vertebrate FGF receptor family [72] and single orthologs to signal transduction components, including those comprising the MAPK cascade [73] . The complement of Ciona integrins is also greatly reduced and single orthologs are present for focal adhesion complexes components [74, 75] . This lowered genomic complexity facilitated the recent identification of a specific beta subunit, ci-IntB2, involved in pre-cardiac induction [42] and current studies have unveiled the alpha subunit partner involved in this process (C.D.C., unpublished data). Due to Ciona's remarkable cellular simplicity, the in vivo subcellular distribution of matrix adhesion and growth factor signaling complexes can be visualized with high resolution. This property was recently exploited to reveal regional enrichment of focal adhesions associated with differential FGF signaling during pre-cardiac induction [42] . In the following sections, we explore potential mechanisms by which matrix adhesion and associated activation of integrin heterodimers modulate FGF and MAPK signaling during pre-cardiac induction.
Integrin and FGF receptor complex interactions at the plasma membrane
Efficient FGF signaling requires receptor dimerization and cross-phosphorylation followed by recruitment of adaptor proteins including FGF receptor substrate 2 (FRS2) and Growth factor receptorbound protein 2 (GRB2) [76] . Fundamental aspects of FGFR signaling are shared across related receptor tyrosine kinase (RTK) family members [65] . Thus, previously established interactions between integrins and RTKs such as EGFR, VEGFR or MET may also contribute to FGF signal modulation. Integrinmediated matrix adhesion and the resulting formation of focal adhesion complexes can have numerous, cell-specific effects on RTK signaling [25, 77] . Focal adhesion components can regulate RTK phosphorylation, impact adaptor recruitment or direct receptor endocytosis and subsequent trafficking in endocytic vesicles [78] [79] [80] [81] . Integrins may also influence receptor activity and trafficking indirectly through regulation of membrane micro-domains [82] . These 'lipid raft' domains can sequester FRS2, thereby, potentiating localized recruitment and activation of RAS [83] . FRS2 is also implicated in the recruitment of the ubiquitin ligase CBL, leading to receptor degradation [84] . Thus, raft-associated complex formation plays important roles in both promoting and attenuating FGF signal transduction. Integrin-mediated attachment can also stabilize caveolin-rich membranes and thereby potentiate localized signaling [85] . Distinguishing between these diverse possible molecular mechanisms will require lineage-specific knockdown of presumptive cross-regulatory factors such as caveolin, p130CAS, Src-dependent kinases, Cbl and Shp-2 along with imaging of their subcellular distribution during differential pre-cardiac induction.
Signal integration in the cytoplasm: the MAPK cascade
A comprehensive understanding of cardiac signal integration requires investigation of the numerous cytoplasmic and membrane-associated factors capable of influencing MAPK transduction. As mentioned previously, FGF signaling in Ciona impacts pre-cardiac cell specification through the MAPK pathway ( Figure 2 ) and there is accumulating evidence that MAPK signaling plays the same role in vertebrate embryos [86] [87] [88] [89] . Matrix adhesion can impact MAPK signal transduction through a variety of mechanisms. The impact of focal adhesion complex components including Focal Adhesion Kinase (FAK) and Src Family Kinases (SFKs) on the MAPK cascade is well established [90] . Adhesion or other signaling inputs might also regulate MAPK signaling through scaffold-mediated localization of key transduction components (RAS, RAF, MEK or ERK) within specific membrane compartments. Directed recruitment of MAPK scaffolding proteins, including Kinase Suppressor of Ras (KSR) or Mek Partner 1 (MP1), to raft membrane domains or endocytic compartments can dramatically impact signal transduction [91] [92] [93] [94] [95] . Studies have also demonstrated that RAS nanocluster formation results in a robust, switch-like activation of MAPK signaling [96, 97] . Conversely, activation of RAS on internal membrane-bound compartments is proportionate to ligand stimulation and results in a slower prolonged activation of signaling [98, 99] . In Ciona, the potential contributions of these molecular mechanisms to pre-cardiac signal integration can be examined by in vivo visualization of relevant focal adhesion, FGF receptor complex and MAPK components. Relatively limited numbers of receptors and signal transduction components in Ciona make visualizing entire pathways feasible. More over, efforts are underway to adapt fluorescence recovery after photobleaching (FRAP) or bi-molecular fluorescence (Bi-FC) for visualizing in vivo protein interactions in transgenically labeled Ciona heart founder lineage cells.
Transcriptional targets of Mesp or ETS1/2 may also impact inductive signal integration. A number of putative ETS1/2 target genes identified in the recent microarray study encode orthologs to characterized regulators of signal transduction [63] . Intriguingly, several of these are negative regulators of FGF/ MAPK signaling, including PTP-ER, Dusp6.9 and Sprouty [100] [101] [102] . Thus, ETS1/2 may regulate its own activation through transcriptional feedback inhibition of FGF/MAPK signaling. Further elucidation of nascent pre-cardiac gene expression should reveal additional transcriptional inputs relevant to signal integration.
CIONA AS A MODEL FOR CARDIAC GENE REGULATORY NETWORKS
Ultimately, inductive signaling specifies pre-cardiac mesoderm through transcriptional regulation. Understanding how lineage-specific and signaldependent transcription factors interact to establish the pre-cardiac transcriptional state remains a daunting challenge [28] . In vertebrates, semi-redundant transcription and chromatin remodeling factor paralogs complicate pre-cardiac gene network composition and function. Signal-dependent transcription factors acting downstream of cardiac inductive signals, including FGF, remain poorly characterized. Additionally, broad dispersal of cardiac cis-regulatory elements (CREs) in vertebrate genomes hinders comprehensive characterization of these encoded regulatory inputs. Challenges in identifying and harvesting nascent pre-cardiac lineages cells have also made it difficult to characterize the transcriptional ground state prior to pre-cardiac induction.
Ciona represents a powerful alternative model system for deciphering the impact of induction on pre-cardiac gene regulatory networks (GRNs). Due to the chordate-specific role of Mesp in pre-cardiac specification [103] , Ciona is the only invertebrate model organism suitable for studying primary events in vertebrate heart development. Transgenic labeling allows precise tracking of the Ciona pre-cardiac mesoderm. Labeled pre-cardiac progenitors can also be harvested through fluorescent assisted cell sorting and subjected to whole-genome transcriptional analysis. Thus, the transcriptional ground state of nascent pre-cardiac mesoderm cells has been precisely characterized [18] . Further deployment of these techniques has revealed hourby-hour shifts in transcriptional status during FGF-mediated induction of the pre-cardiac lineage [18, 63] . As emphasized previously, the lack of genetic redundancy in Ciona reduces inherent gene regulatory network complexity [104] . In addition, the Ciona genome is extraordinarily compact and CREs are often located in close proximity to the genes they regulate [105] . This narrow distribution facilitates experimental or computational analysis of cardiac gene network topology.
Current research in Ciona is therefore poised to elucidate the transcriptional basis of initial pre-cardiac specification with unprecedented temporal and spatial resolution. To fulfill this potential, ongoing studies are focused on two primary questions: (i) What is the precise role of Mesp in establishing the nascent pre-cardiac mesoderm domain? (ii) What role do FGF-dependent ETS family transcription factors play in pre-cardiac mesoderm induction?
Establishing pre-cardiac competence: Mesp
In vertebrates, Mesp paralogs play a poorly characterized role in establishing the pre-cardiac mesoderm [14, 16, 106] . Initial studies suggested that Mesp paralogs are required primarily for ingression and migration of the pre-cardiac mesoderm [15] . However, subsequent research indicated that Mesp functions as a key pre-cardiac lineage determinant [106] [107] [108] . Recent studies have refined this hypothesis, suggesting that Mesp acts as a competence factor. According to this model, Mesp generates a transcriptional ground state capable of producing pre-cardiac, hematopoietic or skeletal myogenic lineages [16] . Induction leads to either hematopoietic or pre-cardiac progenitors, whereas lack of induction produces craniofacial skeletal muscle progenitors. How Mesp establishes this competence state remains ambiguous. A number of studies indicate that MESP directly activates cardiac transcription factors [16, 106] . Research also suggests that Mesp modifies the expression of inductive signaling factors [108, 109] and there are indications that MESP acts in tandem with ETS transcription factors to specify cardiac mesoderm [110] .
A role for Mesp orthologs in establishing the precardiac competence domain appears to be conserved in Ciona [111] . As outlined above, Mesp-expressing founder cells can form either tail muscle or cardiopharyngeal progenitors depending on their response to inductive FGF signals and microenvironmental cues (Figure 1 ). According to current models, Mesp enables founder lineage cells to respond to inductive signaling by upregulating the FGF-/ MAPK-dependent transcription factor, Ets1/2 ( Figure 2 ) [6] . Previous studies indicate that activated ETS is both necessary and sufficient for subsequent cardiac gene expression [8] . However, additional Mesp target genes are likely to participate in establishing the pre-cardiac competence domain. Indeed, targeted expression of a constitutively active Mesp fusion protein blocks heart progenitor cell migration and upregulation of some heart genes [7] . So it appears that Mesp-mediated repression is also involved in establishing pre-cardiac competence. Further work is clearly required to characterize the precise impact of Mesp on pre-cardiac transcription networks.
Ciona is an attractive model system to explore Mesp function. Established techniques make it feasible to harvest Mesp lineage cells for transcriptome analysis, either by microarray or RNA-seq [18, 63] . Sorted Mesp lineage cells could also be subjected to high-throughput transcription factor binding analysis using ChIP-seq [112, 113] . Additionally, these studies can be conducted with extraordinary temporal resolution. Comparisons of gene expression and Mesp binding patterns at the onset of Mesp expression and at subsequent half-hour intervals would provide a precise map of candidate Mesp target genes underlying initial competence. Continued analysis at later timepoints would also reveal potential feed-forward interactions with Mesp target genes. Additionally, Mesp can be selectively knocked down while simultaneously restoring the expression of select Mesp target genes. Deployment of this technique would determine whether specific combinations of downstream genes are sufficient for establishing pre-cardiac competency. Insights gained from these studies would provide invaluable guidance in deciphering potentially conserved roles for Mesp in chordate pre-cardiac competence; revealing whether Mesp target genes participate directly in pre-cardiac gene networks; play indirect roles through modulation of the extracellular microenvironment or regulate cellular signaling networks.
Induction within the Mesp Competence domain: ETS specificity
In vertebrate embryos, specific FGF-dependent transcription factors involved in discrete cardiogenic processes have not been clearly identified. However, robust expression of MAPK-dependent ETS family factors in the developing heart field suggests that the FGF/MAPK/ETS pathway may play a conserved role in chordate pre-cardiac induction [114, 115] . Differential gene regulation by the FGF/ETS pathway represents an intriguing puzzle. ETS family factors bind to highly similar motifs and yet the genes they regulate vary in a lineage and temporally specific manner. The resulting Gordian knot of ETS specificity is particularly compact in Ciona embryos due to serial re-deployment of ETS1/2 in multiple early cell fate decisions [116] . According to current models, ETS specificity is provided by lineage-specific determinants that may play a primary role by de-condensing chromatin to reveal ETS binding sites in lineage-specific regulatory elements [117, 118] . Alternatively, lineage determinants may function cooperatively, binding regulatory elements in tandem with ETS to promote regulation of target genes. Both models predict the presence of differential, lineage-specific co-binding sites associated with ETS binding sites. Thus, to unravel the knot of ETS specificity, these lineage-specific co-factors must be identified.
The simple and compact Ciona genome represents a powerful shortcut for disentangling FGF/ETS specificity. The potential of this shortcut was recently demonstrated by the successful use of in silico and in vivo analysis to identify a co-factor binding site required for ETS-mediated heart gene expression [63] . In this study, experimental and informatic filters were employed to identify non-coding regions likely to contain binding sites for ETS co-factors in the heart lineage. First, microarray analysis of sorted founder cells revealed 144 primary pre-cardiac genes upregulated by FGF/ETS shortly after induction. Next, candidate CREs proximal to these 144 pre-cardiac genes were identified based on sequence conservation between Ciona intestinalis and Ciona savignyi along with sequence-based prediction of low nucleosome occupancy [119] . Conserved ETS binding sites were then identified within the candidate pre-cardiac CREs. Regions proximal (50-150 bp) to these conserved ETS sites were selected to produce a set of 'foreground' sequences presumably enriched in ETS co-factor binding sites. Unbiased whole genome informatics analysis was then employed to identify differentially enriched motifs representing candidate co-factor binding sites. A single co-motif, AATTAR, was found to display extraordinary levels of selective enrichment in the foreground pre-cardiac CREs. This motif matches the consensus for homeodomain transcription factor binding sites. Subsequent analysis demonstrated that this co-motif was required for enhancer activity in a number of experimentally tested precardiac CREs. A similar unbiased approach using a single starting motif may be impractical in vertebrate genomes due to the previously mentioned dispersal of regulatory elements and a corresponding decrease in the signal-to-noise ratio. However, additional insights regarding combinatorial regulation by Mesp, ETS and other co-factors will likely overcome this obstacle, as highlighted by a recent study focused on later stages of vertebrate heart specification [120] .
Further studies in Ciona promise to delineate the precise role of ETS and its target genes in comprehensive cardiogenic networks (Figure 2 ). Extensive expression data restricts the number of candidate homeodomain co-factors, greatly increasing prospects for identification. ChIP-seq analysis employing antibodies raised against the MAPK phosphorylated form of ETS1/2 and the presumptive cofactor would comprehensively identify pre-cardiac CREs. Computational analysis of these CREs could then be used to predict the binding sites for additional co-factors in the ETS pre-cardiac transcription complex. Comparisons of active (phosphorylated) ETS and co-factor binding just prior to and after induction would determine whether the homeodomain co-factor binds cooperatively with ETS to activate these CREs; or serves as a primary determinant required for ETS binding. Precise temporal ChIP-seq analysis would also permit comprehensive mapping of direct FGF/MAPK/ETS target genes including the full set of downstream transcription factors. Current microarray data indicates that ETS participates in the upregulation of 20 transcription factors, including orthologs to FoxF, GATA, Scl and Irx [63] . Previous studies indicate that ETS functions with FoxF in feed forward regulation of target genes involved in cardiopharyngeal progenitor migration [18] . Deployment of ChIP-seq assays would determine whether ETS participates in discrete feed forward circuits to regulate discrete gene sets associated with subsequent cardiac morphogenetic or cell patterning events. These assays would also identify a comprehensive set of ETS target genes, including a substantial majority that do not encode transcription factors. As mentioned in previous sections, many candidate ETS target genes identified in the initial microarray study encode proteins potentially involved in microenvironmental or cellular signal integration [63] . Thus, ongoing functional analysis of ETS target genes promises to reveal how the dynamic interplay between nuclear, cellular and extracellular networks coordinates early steps in chordate cardiogenesis.
CONCLUSION
Waddington's prescient conception of complex networks underlying the deceptively simple landscape of embryonic cell identity serves as an inspiration and a challenge. Unraveling the dense, interconnected inputs contributing to cardiac specification will require diverse approaches spanning multiple model organisms. Ciona embryos represent an invaluable resource for exploration of chordate inductive networks. Analysis of nascent cardiac gene expression has elucidated interwoven transcriptional networks with extraordinary temporal resolution. Targeted manipulations and visualization of pre-cardiac progenitors have begun to illuminate in vivo interactions between inductive signals and extracellular matrix cues. Future work promises to reveal how perturbations in the dynamic interplay between cardiogenic extracellular, cellular and genetic networks manifest as human congenital heart defects.
Key Points
Dynamic interplay between inductive signaling, extracellular cues and transcription networks direct cardiogenic induction. 
